Stroke survivors typically experience varying degrees of motor and neuropsychological deficits. Although these deficits are frequently treated as separate entities in the cognitive and physical rehabilitation settings, there is considerable interaction between them. Cognitive-motor interference, for example, refers to the simultaneous performance of cognitive and motor functions that results in diminished execution of one or both of the tasks. Studies have demonstrated that when performing dual tasks, poststroke patients will typically favor the cognitive function over the motor task. Furthermore, only certain cognitive functions will interfere with motor abilities, while the intensity of the motor task may magnify the detriment in dual-task performance. Moreover, mood disorders, particularly depression, have also been shown to interact substantially with physical functioning. Consequently, poststroke patients with depression experience greater reductions in their activities of daily living and worse rates of recovery. Recent neuroimaging studies suggest an association between white matter hyperintensities and both motor and neuropsychological poststroke deficits. The relationship between spasticity and cognition deficits needs to be further explored with regard to the deleterious consequences of poststroke spasticity on quality of life and overall motor function. These insights, among others, contribute to a growing, if embryonic, body of knowledge about poststroke motor/cognitive interaction that will ultimately inform developments in treatment and rehabilitation. Neurology â 2013;80 (Suppl 2):S27-S34 GLOSSARY ADLs 5 activities of daily living; ARWMC 5 age-related white matter changes; CMI 5 cognitive-motor interference; FIM 5 functional independence measure; LADIS 5 Leukoaraiosis and Disability; SVD 5 small-vessel disease; WMH 5 white matter hyperintensities.
After a stroke, patients frequently experience a spectrum of neuropsychological and motor deficits that can significantly interfere with their cognitive, communicative, and motor functions, resulting in activity and participation limitations. Typically, these deficits include such neuropsychological impairments as amnesia, agnosia, aphasia, apraxia, executive dysfunction, and mood disorders, together with motor impairments such as paresis, spasticity, and disorders of mobility. A sense of the prevalence of poststroke neuropsychological deficits can be gathered from a systematic review of memory function studies in poststroke patients without dementia, in which 23% to 55% of patients were found to experience memory dysfunction at 3 months after stroke, declining to a range of 11% to 31% at 1 year poststroke. 1 Furthermore, results from a systematic review and meta-analysis of the prevalence and predictors of poststroke dementia showed that specific stroke characteristics and complications, as well as recurrent stroke, are associated with poststroke dementia. 2 In particular, approximately 10% of patients developed new dementia after a first-ever stroke, whereas 30% developed dementia after recurrent stroke. 2 Similar studies of motor function in poststroke patients have observed a spasticity prevalence of 17% to 38% at 12 to 18 months after stroke. [3] [4] [5] The interactions among these various poststroke deficits are complex but only partially understood-and, therefore, likely managed in an incomplete manner-and require considerably greater study if they are to be effectively treated. At present, poststroke neuropsychological and physical deficits are usually addressed in the rehabilitation setting as separate issues, with more attention typically given to physical and occupational rather than cognitive therapy. 6 With that in mind, it is worth noting that the medical literature increasingly points to the likelihood that neuropsychological rehabilitation improves functional outcomes. 6 At the same time, study data also show that poststroke patients with impaired cognition generally perform worse on the functional independence measure (FIM) instrument after rehabilitation compared with patients with less cognitive impairment. 7, 8 Certainly, poststroke patients with cognitive impairments can benefit significantly from acute rehabilitation, but such an approach, in isolation, may not be adequate to address the rehabilitation needs of this patient population. 9 The fact that study data have shown that certain neuropsychological domains-including anosognosia, verbal memory, aphasia, attention deficits, and hemispatial neglect-may predict poststroke functional outcomes indicates that focusing on these deficits in rehabilitation may be beneficial to poststroke patients with more severe cognitive issues. 6 There is widespread awareness that a connection exists between neuropsychological and motor domains, and early trials to explore combined rehabilitation have resulted in some interesting approaches-incorporating the FIM, a neurologic examination including the NIH stroke scale, and the Multi-level Action Test. 10 However, until the specific interactions and etiologic commonalities between neuropsychological and motor domains are better understood, it is difficult to integrate rehabilitative techniques or other forms of poststroke treatment that can effectively address poststroke-related deficits in a synergistic manner. In this article, we review current knowledge about the interactions between poststroke neuropsychological and motor deficits, and recent neuroimaging data and studies of spasticity that may help describe etiologic commonalities between these 2 domains.
KEY DATA DEMONSTRATING THE IMPACT
OF POSTSTROKE DISABILITIES Cognitive-motor interference. Cognitive-motor interference (CMI) describes a situation in which simultaneous performance of cognitive and motor tasks has a detrimental effect on either one, or both, of the attempted tasks. Although it was previously believed that CMI is caused by an excessive drawing on an individual's capacity to focus attention on multiple tasks, more recent data suggest that insufficient executive control may have a key role. 11, 12 Research efforts have some distance to go before a detailed understanding of CMI is achieved, but a series of studies over the last dozen years has provided a number of insights into the relationship between cognitive and motor tasks as they are performed by people with poststroke-related disability. These insights pertain to the patterns of CMI, to the ways in which this type of interference typically manifests, and also to those patients who are more or less likely to experience particular CMI manifestations.
Looking first at the role of aging in CMI, a number of studies have revealed an age-related decline in dualtask performance. One of these was a 2005 study by Holtzer et al. 11 that compared younger patients (19-31 years) with older patients (65-85 years) in a series of tests to evaluate their performance in 4 domains: attention/executive function, memory, motor speed, and cognitive status. The investigators found that, after regression analysis, attention/executive factors were determined to be most predictive of the ability to perform dual tasks. They concluded that compromised central executive function may be the most, although not the only, important factor in age-related decline in dual-task performance. 11 These results are consistent with 2 earlier dual-task experiments in younger and older individuals conducted by the same investigators. 12 To further examine the nature of dual-task performance in older individuals, Van Iersel et al. 13 conducted a pair of studies in which older adults were asked to perform dual cognitive tasks while simultaneously performing a walking task, to determine whether gait activity impeded their ability to perform the dual tasks. In the first study, 59 physically fit subjects with a mean age of 73.5 years were asked to walk on an electronic walkway while performing attention-demanding tasks (subtracting sevens and then thirteens from 100) and a verbal fluency task (naming words beginning with "K" and "O"). 13 The cognitive tasks were also performed without the walking task, for comparison. Dualtask performance with walking was associated with a loss in gait velocity and a decline in balance compared with dual-task performance without walking, with the verbal fluency task having a greater detrimental impact than the attention-demanding tasks on gait performance. 13 In the second study, 100 physically fit subjects with a mean age of 80.6 years were asked to perform tasks similar to those executed in the first study. 14 In this case, subjects' dual cognitive tasks involved subtracting sevens from 100 and naming as many animals as they could while walking. 14 Again, the authors found that both cognitive tasks influenced the subjects' balance and velocity while walking. However, in the multiple regression analysis, only the animal-naming task negatively affected gait and balance, highlighting the greater cognitive load of such a verbal fluency task. 14 Results from the Einstein Aging Study further suggest that gait velocity and cognitive function have, in fact, both shared and independent brain substrates, and that the relationship is multifaceted and variable, depending on the particular motor and cognitive demands in a given situation. 15 Similar studies involving dual-task performance have also been conducted in patients with stroke and others with neurologic insult. In one of the earliest studies of its kind, Haggard et al. 16 examined 50 patients undergoing neurologic rehabilitation, 33 of whom had experienced some form of stroke and the remainder had experienced brain injuries such as subarachnoid hemorrhage or other brain damage. Ten matched healthy controls were also included in the study. 16 The study design involved testing each subject for stride duration as a single task and then again simultaneously with 1 of 4 cognitive tasks, consecutively. The tasks consisted of a word-generation task (to name, for example, "a thing in the house" or "things to drink"); an arithmetic task (every 5 seconds subjects would be asked to calculate a sum, such as "5 1 6"); a visuospatial-decision task (given a time of day, "10 past 3" for example, the subject had to say whether the hour and second hands would be on the same half of the clock face, also known as the clock-face task); and the verbal paired-associate monitoring task (the subject would be given 2 words, would then be read a list of words, and had to indicate when the 2 words occurred in the same original order). 16 The study results showed that during the dual tasks, there was a 7% reduction in stride duration and a 4% reduction in cognitive task performance. The greatest decrement occurred in the arithmetic task (8%), followed by the visuospatial-decision and word-generation tasks (both 7%), and the verbal paired-associate monitoring task (6%). 16 Building on the results of Haggard et al., Plummer-D'Amato et al. 17 studied CMI in a small poststroke-only population (n 5 13), comparing walking performance alone and as a dual task with 3 different cognitive tasks, each of which was also tested separately while subjects were seated. The cognitive tests included a working memory test, a visuospatial cognition test, and a spontaneous speech task (in which subjects were posed questions in order to elicit sustained speech for at least 2 minutes). 17 The investigators observed gait speed interference by all 3 cognitive tasks, but the greatest interference was produced by the spontaneous speech task compared with the memory or visuospatial tasks. Regarding gait effects on cognitive tasks, only speech was significantly affected by concurrent walking; no significant effects were seen with the other 2 tasks. 17 Interestingly, even though participants in this study had mobility impairment, they were able to prioritize cognitive tasks, particularly speech. 17 The study authors state that in the rehabilitation setting, several possible approaches are suggested by these results: patients might be taught to avoid walking and talking at the same time; they might be instructed to focus on walking; or they might be given practice sessions in which they attempt to improve their dual-task performance.
Data from the study by Plummer-D'Amato et al. are consistent with a small University of Kansas study that compared 10 older adults, who had experienced stroke 24 to 36 months before the study, with healthy adults matched on the basis of gender, age, educational level, and performance on the Short Portable Mental Status Questionnaire. 18 Whereas the healthy older adults showed few deficits in their abilities to perform the concurrent tasks, the samples from the stroke survivors demonstrate that their language abilities were disrupted by the demands of doing 2 things at once. 18 A 2009 study from the United Kingdom also found that poststroke patients experiencing CMI were able to perform certain cognitive tasks when walking at their preferred and fast speeds, but they experienced diminished performance on other cognitive tasks at both the preferred and fast pace (figure 1). 19 In particular, compared with control subjects, stroke subjects demonstrated that the clock-face task (previously described) was minimally affected by walking, whereas a task involving serial subtractions of 3 caused more notable gait interference, an effect that was exacerbated when subjects with stroke were asked to walk quickly. Thus, for poststroke patients, it would seem that cognitive demands interfere with motor activity, some more significantly than others, and that the interference is magnified by the intensity of the motor activity.
Plummer-D'Amato et al. 20 subsequently performed an additional analysis on their study data and found that the phase of the gait cycle influenced CMI. In particular, they found that dual-task walking required an increase in the double-limb support phase-i.e., when both feet are on the ground-arising from the increased time in the paretic limb weight acceptance (a loading response that corresponds to preswing of the nonparetic limb). 20 In fact, both motor and, to a lesser extent, cognitive performances were affected during paretic limb weight acceptance. The authors concluded that rehabilitation therapy might need to focus on "single-task part-practice of this phase of the gait cycle to improve automaticity of paretic limb loading," and that "dual-task part-practice may be an important step in progression to dual-task whole-practice of gait." 20 It should be noted, however, that there is much disagreement on this subject, and optimal rehabilitation methodologies are yet to be determined.
There is reason for encouragement, however, because improvements in motor function and cognition may occur with the passage of time or with sustained efforts at rehabilitation. This may be seen in a small follow-up (n 5 10) of poststroke patients with CMI from the Haggard study, which found that whereas 7 of the 10 subjects experienced dual-task gait improvements (more specifically, improvements over previously documented decrement) between 1 and 9 months after the study, only 3 subjects had reductions in cognitive performance deficits. 21 It is also worth noting that in a study of poststroke patients with CMI in which performance was evaluated in more challenging and realistic environments (for example, on the street or in a shopping mall), no marked deterioration in gait while performing a second task was observed. 22 Mood disorders and functional disability. Mood disorders can also interact in deleterious ways with physical functioning in patients afflicted with poststroke disability. A 2-year study of patients with poststroke mood disorders found a significant correlation between the severity of depressive symptoms and the severity of impairment in activities of daily living (ADLs). 23 Although most poststroke patients experience some natural recovery of their neurologic function and ability to perform ADLs, studies have shown that patients with depression are significantly more impaired in their ADLs than those without depression at 3 and 6 months after stroke. 24, 25 Moreover, in-hospital ADL impairment has been found to correlate with severity of depression, suggesting that depression influences ADL recovery. In the 2010 Northern Manhattan Stroke Study, 340 patients with ischemic stroke were interviewed 7 to10 days poststroke. 26 Follow-up interviews were conducted every 6 months for 2 years and annually for 5 years thereafter. 26 The authors found that depressed mood was associated with increased risk of severe disability at 1 year (odds ratio 2.91, 95% confidence interval 1.07-7.91) and at 2 years (odds ratio 3.72, 95% confidence interval 1.29-10.71) poststroke. Nonetheless, no association with mortality was observed.
An association between depression and brain lesion location has also been observed in poststroke patients, with patients exhibiting lesions on the left frontal lobe experiencing more depression than those with lesions in other locations. 23 Depression has also been shown to adversely affect physical recovery from cerebrovascular lesions, although a 2005 study by Nannetti et al., which included 117 acute stroke patients selected from an intensive rehabilitation unit, showed that poststroke depression had little or no effect on functional recovery. 27, 28 Whether or not depression hampers rehabilitation, treating depression does seem to benefit poststroke recovery. Chemerinski et al. 24 conducted a study in which patients with poststroke depression received either active treatment with an antidepressant (nortriptyline) or placebo. Results indicate that patients whose depressive disorders remitted during the medication trial had significantly greater recovery in ADL functions compared with patients whose depression failed to remit. 24 Furthermore, recent evidence in patients with ischemic stroke and moderate to severe motor deficits showed that treatment with an antidepressant (fluoxetine) in conjunction with physiotherapy enhanced motor recovery. 29 
WHITE MATTER HYPERINTENSITIES AND COGNITION
DEFICITS Neuroimaging studies have begun to help visualize details of the connection between cognitive and motor deficits in patients with stroke, although much remains to be learned to clarify the relationship. The Sydney Stroke Study, for example, demonstrated that total infarct volume is associated with vascular dementia and that premorbid functioning is a determinant of poststroke impairment. 30 LADIS (Leukoaraiosis and Disability), a large prospective international study that focused on the impact of age-related white matter changes (ARWMC) on the disability of older patients, demonstrated that people with more severe ARWMC performed significantly worse than those with less severe ARWMC on global cognitive measures, executive function tests, and memory tests. 31 In addition, more severe ARWMC was associated with significantly poorer motor control, attention, and visuoconstructional praxis. 31 Data from LADIS also showed a significant and independent association between general cognitive function in elderly subjects, measured by the Mini-Mental State Examination, and both white matter hyperintensities (WMH) and lacunes (figure 2). 32 LADIS data further revealed a significant correlation between WMH in the frontal and temporal lobes and basal ganglia (but not the parietal lobe) and depressive symptoms; lacunes, except in the basal ganglia region, were not associated with depression. 33 In a separate prospective, population-based study Walking speed of poststroke and control subjects performing single and simultaneous tasks at their preferred speed and at fast speed *p , 0.05 relative to a single task. CLOCK 5 clock-face task; FWS 5 fast walking speed; PREF 5 preferred walking speed; 3s 5 serial subtraction of threes task. Reprinted from Dennis et al. 19 Fast walking under cognitive-motor interference conditions in chronic stroke. Brain Research, Vol. 1287, pp. 104-110. ©2009, with permission from Elsevier.
in 294 older individuals (mean age 72.3 years), researchers found a significant association between increased WMH volume and both deterioration and increased variability in gait. 34 Regarding the effects of white matter changes related to stroke, a significant association between WMH and cognitive impairment has been demonstrated in patients after stroke. 35 Specifically, Mok et al. 36 recently conducted a study that included 77 patients with stroke, of whom 30 (39%) had at least 1 neuropsychiatric symptom as determined by the Neuropsychiatric Inventory. The authors demonstrated an association between left frontal WMH and neuropsychiatric symptoms. A 2007 Finnish study, which included 395 patients who had experienced ischemic stroke, also observed a correlation between WMH and impaired cognitive function, memory, executive dysfunction, and ADLs. 37 A pathophysiologic connection between WMH and stroke may be found in cerebral small-vessel disease (SVD), which is characterized by WMH and lacunar infarcts. SVD constitutes a leading cause of cognitive decline and functional loss in the elderly and may be pivotal in the relationship between cognitive and physical deficits arising from stroke. 32, 38 SVD has in fact been shown to be a major cause of motor and cognitive impairment in patients after stroke. 39, 40 In patients with stroke associated with SVD, thalamic lacunae and frontal lobe atrophy are key determinants of cognitive performance. 39 A recent study using both MRI and magnetic resonance angiogram demonstrated poorer cognitive and functional outcomes in patients with ischemic stroke who had concurrent small-vessel, intracranial, and extracranial large-artery disease. 41 SPASTICITY AND POSTSTROKE REHABILITATION In addition to cognitive deficits, spasticity constitutes one of the most obvious and deleterious consequences of stroke, with potentially enormous negative effects on quality of life and overall motor function. 42 In the rehabilitation setting, spasticity is also one of the most challenging poststroke symptoms to overcome. 7 A 2009 study of 88 poststroke patients in a rehabilitation setting sought to determine the relationship between spasticity and functional outcomes after the completion of a course of rehabilitation. 7 The results of the study were largely predictable, with higher levels of function before rehabilitation being associated with higher FIM scores at completion, and higher cognitive condition (Mini-Mental State Examination) scores being associated with higher FIM scores at discharge, as previously discussed. What was, perhaps, less predictable was the finding that patients in the study who had spasticity had lower FIM scores at the end of rehabilitation. 7 Unfortunately, neither the nature of the rehabilitation program provided for the study subjects nor an indication of how much time had passed since their stroke at the time of study entry are reported, making it difficult to draw definitive conclusions. It is possible that the rehabilitation program was inappropriate or inadequate for this particular group of patients with spasticity. If patients began the rehabilitation program shortly after stroke, it is also possible that the natural history of the condition meant there was a delayed emergence in the subjects' spasticity that skewed reported outcomes. Regardless of these potential issues, the study does illustrate that rehabilitation of patients with spasticity as a component of poststroke is particularly challenging.
As discussed, appropriate management of spasticity and other forms of muscle overactivity is an important goal in poststroke patient care and rehabilitation. In general, a focal rather than a systemic approach to treatment is called for in poststroke spasticity (although spasticity resulting from other diseases, such as multiple sclerosis and spinal cord injury, may call for a different treatment strategy). Spasticity may have negative effects on balance, mobility, and gait, and may therefore increase the risk of falls and fractures. Physiotherapy on its own is often insufficient to address the needs of spasticity in poststroke patients. 43 It may be an adequate approach for mild spasticity, but patients may have better outcomes if such treatment is accompanied by other interventions such as bracing. 43 Use of oral antispasticity drugs, such as central sedating medications, can exacerbate the physical disabilities as well as the cognitive deficits in patients with spasticity after stroke. 43 Hence, optimal rehabilitation for patients experiencing poststroke spasticity should be multifactorial, including a balanced combination of both physical and occupational therapy along with bracing, pharmacotherapy, and sometimes, in severe cases, surgery. Such surgical Association of white matter hyperintensities and lacunes with cognitive function measured by the ª 2013 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.
interventions target either the nervous system or the tendons and muscles; however, their aim is to correct a deformity but not to completely eliminate spasticity. 44 Furthermore, surgical treatment should only be considered in certain cases: if permanent change in muscle length is needed, significant contracture is present, or muscle force redirection is necessary. 44 Regardless of the approach, therapy should attempt to facilitate restoration of motor function without increasing cognitive deficits.
A recent "call to action" published by an international expert panel on behalf of the International PSS (poststroke spasticity) Disability Group endorsed the view that poststroke disability is a chronic and multifactorial condition in which the indirect as well as the direct and obvious effects of spasticity should be addressed as a whole. 45 Although the panel does not address the interaction between cognitive and physical manifestations in poststroke patients, the notion that they are all a piece of the treatment puzzle and should be treated as such, rather than as discrete and unrelated (from a therapeutic perspective) domains, is consistent with their statement. It must be acknowledged that little information is available at present concerning the relationship and interaction between spasticity and cognitive deficits after stroke and that this area needs to be further explored. Ideally, studies would investigate the link between cognition and spasticity among a cohort of patients recruited as close to the most acute stage of the poststroke period as possible, and would include medium-to long-term follow-up.
CONCLUSIONS Patients with stroke experience both motor and neuropsychological deficits that negatively affect functional independence to varying degrees. With respect to body function and body structures, poststroke deficits are multifaceted. There may be involvement of a number of different body parts, with simultaneous, closely related cognitive and communication deficits, as well as influences arising from underlying etiologic disease, comorbidities, and concurrent injuries. 46 Individuals with poststroke residual effects may experience a wide range of activity and participation limitations. The typical spectrum of these restrictions encompasses mobility, communication, and self-care. These effects negatively affect patients' capacity to return to and to sustain their jobs, to maintain social relationships, to participate in leisure activities, and to function as active members of the community. For many persons with poststroke syndrome, barriers to participation in the community are particularly related to mobility and transportation. For persons with upper-limb involvement, restrictions are more diverse, partially depending on the degree of the involvement, the level of sensory impairment, and whether the dominant or nondominant limb is affected.
At present, the different cognitive and physical impairment domains are typically assessed and treated as separate entities. However, there is considerable interaction between the multiple manifestations of motor and neuropsychological impairment that is currently poorly understood. Rehabilitative treatment of poststroke patients, and prevention of stroke sequelae, would be considerably enhanced if these interactions were better understood.
